Local thermometry technique based on proximity-coupled 
superconductor / normal-metal / superconductor devices 
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In mesoscopic superconductor/normal-metal/superconductor (SNS) heterostructures, it is known 
that the resistance of the normal metal between the superconductors has a strong temperature 
dependence. Based on this phenomenon, we have developed a new type of thermometer, which 
dramatically enhances our ability to measure the local electron temperature T e at low temperatures. 
Using this technique, we have been able to measure small temperature gradients across a micron-size 
sample, opening up the possibility of quantitatively measuring the thermal properties of mesoscopic 
devices. 
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Interest has grown in recent years in the thermal prop- 
erties of mesoscopic samples, after the electrical charac- 
teristics of such devices have been extensively studied in 
the past two decades. In order to make thermal and ther- 
moelectric measurements, a temperature gradient needs 
to be set up across the sample. Experimentally, this 
can be done by applying a direct (dc) current through 
a metallic wire to heat up a part of the sample to a tem- 
perature higher than the substrate temperature 7j Jl], p| , 
while keeping the substrate and other parts of the sam- 
ple cold. The length of this heater line is normally much 
longer than the electron-electron scattering length L ee , 
but shorter than the electron-phonon scattering length 
L ep . In this configuration, the electrons in the center 
of the heater achieve local thermodynamic equilibrium 
by energy exchange between electrons [||. As the local 
electron temperature T e in the heater is higher than Tj,, 
a temperature gradient can be generated in the electron 
bath. Conventional low temperature thermometers can- 
not be used to make a direct measurement of T e on meso- 
scopic samples, because their physical size is much larger 
than the sample of interest. Hence special thermometry 
techniques are needed on the submicron length scale. 

Heretofore, only a few techniques have been used to 
measure T e directly. Aumentado et at introduced a 
thermometer which could determine the electron tem- 
perature over ~100 nm size scale Q. This thermometer 
was based on the proximity effect, the fact that the resis- 
tance of a normal metal wire in proximity to a supercon- 
ductor shows a measurable temperature dependence at 
temperatures below the critical temperature, T c , of the 
superconductor. From the base temperature of dilution 
refrigerator to T^0.8 K, the overall resistance change 
of such a thermometer is normally ~1% of the normal 
state resistance. Unfortunately, a 1% resistance change 
cannot always give one enough sensitivity to precisely 
measure a small temperature difference across a sample. 
Another technique to directly determine T e is through 
noise thermometry, since the Johnson-Nyquist noise of 
the electrons, defined by Sy—^kTR, has a linear tem- 
perature dependence. However, this technique imposes 
restrictive constraints on the design of the samples. In 
addition, noise measurements typically have a cutoff sen- 



sitivity below which the measurement accuracy drops. 
For example, Henny et al. mention a cutoff at a value of 
2x 10~ 20 V 2 s ||, which requires a minimum thermometer 
resistance of 3.6 kJ7 at 100 mK. Superconducting quan- 
tum interference devices (SQUIDs) can increase the sen- 
sitivity of noise measurements, but need relatively com- 
plicated circuits and sample fabrication ^, |?J . 

In this paper, we describe a more sensitive thermome- 
ter based on the resistance of a four-terminal Al/Au de- 
vice that shows a strong temperature dependence at low 
temperatures. The magnitude of the thermometer resis- 
tance change, from 18 mK to ~350 mK, is up to 102% 
of the normal resistance measured at a temperature just 
above T c . Above 350 mK, the thermometer enters the 
proximity effect regime and can be used like the ther- 
mometer described in 

The device discussed in this paper was patterned onto 
an oxidized Si substrate (100-nm-thick) using conven- 




FIG. 1: Scanning electron microscopy image of the device 
structure. The brighter regions are composed of normal metal 
(Au), while the darker regions are superconductor (Al). The 
device consists of three thermometers. The one coupled to the 
heater is labeled "Hot" (length: 0.95 /im, width: 0.13 /im); 
the one away from the heater on the right side is labeled 
"Cold" (length: 0.67 /im, width: 0.13 /im); the one on the 
substrate is labeled "Sub" (length: 0.91 /im, width: 0.12 ^m). 
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tional multi-level electron beam lithography. Figure 
1 shows a scanning electron microscopy (SEM) image 
of our device. This device was fabricated for thermal 
conductance measurements on Andreev interferometers; 
these measurements will be described in detail elsewhere. 
Here we concentrate on the design and fabrication of the 
thermometers used in the experiments. The brighter re- 
gions in the image of Fig. 1 are a 46-nm-thick Au film, 
which was deposited first. A 76-nm-thick Al film (darker 
regions) was deposited on top of the Au in another level 
of lithography, after an in situ Ar plasma etch was used 
to clean the Au surfaces in order to obtain good normal- 
metal/superconductor (NS) interfaces. The device is di- 
vided into four sections (see Fig. 1): (a) The "Hot" sec- 
tion, on the left, consists of a 0.73-^m-wide long heater 
line and a "Hot" thermometer. Applying a dc current 
through the heater increases the electron temperature 
T e above the substrate temperature TV (b) The "Cold" 
section, on the right, includes a large normal metal pad 
and a "Cold" thermometer, (c) The sample section con- 
sists of the structures between the "Hot" and "Cold" sec- 
tions. The sample is an Andreev interferometer, which 
is a 3.18-/im-long and 0.18-/xm-wide Au wire with an Al 
loop hooked up in the middle. Since the "Hot" and the 
"Cold" sections are at different temperatures, a temper- 
ature gradient is generated across the sample. The tem- 
perature difference can be accurately controlled by the 
dc current through the heater line, (d) The last section 
is a single thermometer electrically isolated from the rest 
of the sample, which measures the temperature of the 
substrate. This "Sub" thermometer can be used to mon- 
itor the heat leak from the heater to the substrate by 
electron-phonon scattering. 

All three thermometers on the device have similar 
structure. They consist of a short normal metal wire 
and four probes, each covered by a superconducting lead. 
The superconducting contacts are designed to be close to 
each other to increase the coupling between them, but 
not close enough to cause a supercurrent to flow between 
them, as this would effectively short the resistance of the 
normal metal wire, and defeat its use as a thermome- 
ter. The superconducting contacts also drastically re- 
duce the heat flow through the leads, giving a relatively 
uniform electron temperature profile across the length of 
each thermometer. Figure 2(a) demonstrates the normal- 
ized resistance of all three thermometers as a function of 
temperature. The resistance was measured by a conven- 
tional four-probe technique using an ac resistance bridge 
with a 20 nA excitation current. In order to increase 
the measurement sensitivity, a step-up transformer, an 
instrumentation amplifier (AD624) and a lock-in ampli- 
fier (PAR 124) have been used in series to amplify the 
signal out of the resistance bridge. The instrumentation 
amplifiers, current source and resistance bridges are bat- 
tery powered, and placed as close as possible to the top 
of the dilution refrigerator in a mumetal shielded box 
to reduce interference and inadvertent heating from line 
frequency sources. In addition, each electrical line into 



the dilution refrigerator is filtered with a 7r-filter with a 
cut-off frequency of 5 MHz in order to minimize sample 
heating due to ambient radio-frequency (rf) sources. The 
background noise from the spectrum of the signal from 
the samples using this setup, as measured by a spectrum 
analyzer attached to the lock-in amplifier, was approxi- 
mately 6 nV/VHz, close to the 4 nV/y/Hz expected in- 
put noise of the AD624, and showed an essentially flat 
frequency response (with no peaks at the harmonics of 
the line frequency) up to the maximum frequency of 100 
kHz of the analyzer. In order to maximize the gain of 
the transformer, a frequency of 103 Hz was used for the 
measurements. 

The behavior of the thermometer resistance below T c 
can be divided into two regimes. The first regime is the 
low temperature regime, which extends from the base 
temperature of the dilution refrigerator up to tempera- 
tures of 300-350 mK. The thermometer shows a strong 
temperature dependence in this regime, much larger than 
can be expected from the enhancement of conductance 
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FIG. 2: (a) Normalized resistance of the "Hot", "Cold" 
and "Sub" thermometers as a function of temperature. The 
normal state resistance R n of these three thermometers are 
4.08fi, 4.19f2 and 5.28f2 respectively. (b) Temperature- 
dependent resistance of the "Cold" thermometer at different 
measurement ac currents. The suppression of the resistance 
change at higher ac currents indicates Josephson coupling be- 
tween superconducting leads, (c) I-V curve of the "Cold" 
thermometer at the substrate temperature T(,=17.6 mK after 
subtracting the 1—0 value. Extrapolation of the high current 
part of the curves gives a 'critical current' of 7 C ~40 nA. 
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due to the proximity effect, ft appears that this strong 
resistance change is associated with Josephson coupling 
between the pairs of superconducting contacts on either 
end of the thermometers. Due to this coupling, the re- 
sistance of those parts of the thermometers near these 
contacts drops significantly, but the entire thermometer 
does not go superconducting, since distance between su- 
perconducting contacts on opposite ends of thermometer 
is too large for significant Josephson coupling to occur be- 
tween them in our measurement temperature range. A 
number of experimental facts support this picture. First, 
the temperature range over which this strong tempera- 
ture dependence is observed correlates well with the tem- 
perature range where Josephson coupling between the 
superconducting contacts is expected. The temperature 
at which one expects to see Josephson coupling between 
the superconducting contacts is determined by the cor- 
relation energy E c =hD / L 2 ||, where D is the electronic 
diffusion coefficient in the normal metal, and L the length 
between the superconducting contacts. Taking, as an 
example, the "Cold" thermometer, with the measured 
value of Z?=104 cm 2 /sec, and the length L=0.485 /un be- 
tween the nearest pair of contacts, the temperature below 
which Josephson coupling between the two superconduct- 
ing contacts should become significant is -E c /fcs~336 mK 
pL which is in good agreement with the experimentally 
observed value of ~350 mK where the resistance starts 
to drop rapidly (see Fig. 2(a)). Second, the resistance 
of the thermometers in this regime is strongly dependent 
on the measurement current. Figure 2(b) illustrates the 
temperature-dependent resistance R(T) at low temper- 
atures of the "Cold" thermometer taken with different 
values of the ac measurement current. As the ac measure- 
ment current is reduced from 200 nA to 20 nA, the over- 
all change in resistance from approximately 350 mK to 
base temperature increases substantially. Below 20 nA, 
there is essentially no change in the resistance of the ther- 
mometer. Third, the differential resistance dV/dl of the 
thermometers as a function of the dc current / through 
the thermometer is strongly reminiscent of the differen- 
tial resistance of a SNS junction, except that the differen- 
tial resistance at 7=0 is not zero. Figure 2(c) shows the 
current-voltage (I-V) curve of the "Cold" thermometer, 
obtained by integrating the dV/dl vs. I curve after the 
1=0 value of the differential resistance was subtracted. 
The overall shape of this I-V characteristic is very much 
like the I-V characteristic for a SNS junction. Extrapola- 
tion of the high current part of the curves gives a 'critical 
current' of I c ~40 nA. However, the 1=0 resistance of the 
thermometer is not 0. The resistance of the thermome- 
ter would vanish only if the Josephson coupling between 
superconducting contacts on opposite sides of the ther- 
mometer is appreciable. Using L=1.15 /zm as the length 
between superconducting contacts on opposite sides of 
the "Cold" thermometer, the temperature below which 
Josephson coupling would be appreciable is E c /kB—60 
mK, at the lower end of our temperature range. Conse- 
quently, the critical current between the superconducting 



contacts on opposite sides of the thermometer is expected 
to be exponentially smaller, so it is not surprising that 
we observe a finite resistance of the thermometer even at 
our lowest temperatures. It should also be noted that, 
in spite of our best efforts to shield all sources of extrin- 
sic noise, there may still be some noise coupled to the 
sample, which suppresses the critical current across the 
thermometers. 

The second regime in Fig. 2(a) is the proximity effect 
regime (from ^350 mK up to T c ). The resistance of a 
normal metal in proximity to a superconductor should 
decrease below its normal state value R n when the tem- 
perature drops below T c of the superconductor. This is 
the so-called proximity effect. It is due to the penetra- 
tion of the order parameter of superconductor into the 
normal metal [9. However, Fig. 2(a) shows an increase 
in resistance of all the thermometers in this tempera- 
ture regime. Similar behavior has been observed before 
in proximity coupled devices and was explained as 
arising from current redistribution in samples with a four- 
probe configuration, where the width of the sample is of 
the same order as its length, as the sample is cooled be- 
low T c . In our device, the "Cold" thermometer, which 
has the largest width, but the shortest length, is the most 
likely candidate for this mechanism. This correlates with 
the fact that the "Cold" thermometer has the strongest 
temperature dependence of the three thermometers just 
below T c . 

The large change in the resistance of these devices 
makes them excellent candidates for use as local electron 
thermometers in mcsoscopic thermal transport experi- 
ments. For this purpose, the thermometers are calibrated 
at a fixed base temperature T&, as a function of the dc 
current 1% through the heater Figure 3 shows the 
result of this measurement, at Xf,=49.5 mK. These mea- 
surements are then numerically cross-correlated with the 
measured R(T) curves shown in Fig. 2(a), to obtain the 
electronic temperature T e as a function of Ih ■ The result- 
ing T e for the "Hot" and "Cold" thermometer is shown in 
Fig. 4, expressed as a function of the power through the 
heater P h =I 2 R h . Figure 4 shows that a significant frac- 




FIG. 3: Normalized resistance of the three thermometers as a 
function of dc current through the heater line at the substrate 
temperature 21, =49. 5 mK. 
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FIG. 4: Local electron temperature T e of the "Hot" and 
"Cold" thermometers and the temperature gradient AT e 
across the sample as a function of heater power Ph at the 
substrate temperature Tf,=49.5 mK. This figure is obtained 
from the R(T) and R(Ih) data shown in Fig. 2(a) and Fig. 3. 

tion of the power generated in the heater flows through 
the sample, because T e in both thermometers increases 
substantially when we increase the heater power, while 
the electron temperature differential AT e increases only 
gradually. Furthermore, note that the substrate ther- 
mometer resistance shown in Fig. 3 has a very weak 
dependence on Ih at low values of Ih ■ This demonstrates 
that there is very little heat leak through the substrate at 
low temperatures and small heater currents, showing that 
heat loss from the electron bath due to elect ron-phonon 
interactions is very small in this regime. 

The ability to measure small temperature differences 



in the electron temperature opens up the possibility of 
quantitatively measuring the thermal properties of meso- 
scopic samples. For example, in the sample of Fig. 1, if 
we have a way of determining the heat current through 
the Andreev interferometer, we can directly measure its 
thermal conductance, fn this sample, the electrical con- 
nections from the heater line and thermometers extend- 
ing out to the outside patterns are all designed to be 
superconducting. The advantage of these superconduct- 
ing leads is that they block the heat transport from the 
device to its surroundings. At temperatures well below 
T c , the thermal conductance of the superconductors is so 
small that we can assume most of the power Ph gener- 
ated in the heater flows out only through the Andreev 
interferometer. (Heat conduction due to phonons is also 
negligible below 200 mK, as noted above.) The heat flow 
through the Andreev interferometer can therefore be de- 
termined by simply measuring Ph, which is represented 
by the abscissa in Fig. 4. The thermal conductance is 
then Gt=PkI 'AT e . For the data represented in Fig. 4, 
we obtain Gr=0.I2 nW/K, at a heater power of I pW. 

In summary, we have developed a new type of ther- 
mometer, which has a simple structure but strong tem- 
perature dependence. It can be used to quantitatively 
measure small temperature gradients across mesoscopic 
samples, and to explore thermal properties on the micron 
and nanometer scale. 
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